Fast neutrons (energy > 1:6 Â 10 À13 J) were irradiated to tetragonal zirconia polycrystals containing 3 mol% yttria (3Y-TZP) at the fluence levels of 2:5 Â 10 24 (Light irradiation) and 4:3 Â 10 24 (Heavy irradiation) m À2 . The irradiation caused no significant swelling in the 3Y-TZP specimens. After the neutron irradiation, superplastic characteristics were examined by tensile tests at a temperature range from 1623 to 1773 K with initial strain rates ranging from 5:0 Â 10 À4 to 1:67 Â 10 À2 s À1 . It was found that the elongation to fracture of the irradiated specimens was quite small in comparison with that of unirradiated ones. The apparent activation energy for the superplastic flow of the irradiated 3Y-TZP was fairly high, i.e. 785 AE 35 and 693 AE 26 kJÁmol À1 for Light and Heavy irradiations, respectively. It appears that the induced defects, nuclear transmutation and radiation-induced segregation in the 3Y-TZP due to the neutron irradiation are responsible for these property changes.
Introduction
Superplasticity in ceramics has a great potential to develop the application fields of structural ceramics, since it is possible to form them into net or near-net shapes by means of plastic working as is done for metallic materials. 1) In addition, because of their excellent mechanical and thermal properties, superplastic ceramics must be attractive for the application to a nuclear energy field in which structural components are frequently used under severe conditions of high temperatures and radiations such as those in the core of high temperature gas-cooled reactors (HTGRs) and a very high temperature reactor (VHTR).
Fine-grained tetragonal zirconia polycrystals containing 3 mol% yttria (3Y-TZP) is a typical superplastic ceramics having a very high ductility at elevated temperatures. Grain boundary sliding and its accommodation processes are believed to be main superplastic deformation mechanisms. 2) Although many studies have been performed on the superplasticity in 3Y-TZP and its effects on mechanical properties at room temperature, 1) there have been only a few studies so far concerning irradiation effects. [3] [4] [5] [6] We have carried out Zr-ion irradiation studies for 3Y-TZP in order to clarify its effects on superplasticity and mechanical properties. [4] [5] [6] In our previous works, 4, 5) we have found that (1) the hardness and fracture toughness in the irradiated surface region are improved due to residual compressive stresses induced by the ion irradiation, 4) and (2) the flow stress and apparent activation energy for the superplastic deformations are increased by the ion irradiation.
5) It seemed that the Zr-ion irradiation might have changed both microstructures of grain interior and grain boundaries and hence it affected the mechanism of the superplastic deformation. Meanwhile, neutron irradiation may cause different effects on superplasticity, because no redundant Zr ions will be implanted as have been made in the Zr-ion irradiation and the atomic composition of the 3Y-TZP will be slightly transmuted by neutron absorption reactions.
3) The latter reaction may cause the effects of a small amount of dopants. 7) In the present study, a neutron irradiation test is carried out to investigate its effects on superplastic characteristics of 3Y-TZP. Superplastic tension tests are performed for the irradiated specimens at elevated temperatures with different initial strain rates. As far as we know, this is the first report concerning the effects of neutron irradiation on superplasticity in zirconia-based ceramics.
Experimental
The material used in this study is a fine-grained 3Y-TZP with initial average grain size of 0.39 mm. Chemical composition of the 3Y-TZP is listed in Table 1 . Flat type tensile specimens with the parallel part of 2 Â 3 Â 10 mm 3 were used for the superplastic tests. Each specimen has holes of 5 mm in diameter at its grip parts, and was attached to a testing machine by pins. The thickness (2 mm) and width (3 mm) of the parallel part of each specimen were measured by a micrometer and a laser detector before and after the neutron irradiation.
The neutron irradiation test was carried out using the Japan Materials Testing Reactor (JMTR) in Japan Atomic Energy Research Institute (JAERI). Figure 1 shows a cutaway drawing of an irradiation capsule. Helium gas was filled in it. The tensile specimens were set at upper and lower regions to be irradiated under two different irradiation conditions. 
RAPID PUBLICATION
The maximum fast neutron fluence (energy > 1:6 Â 10 À13 J) was 2:5 Â 10 24 m À2 at the upper region (hereafter referred to as Light irradiation) and 4:3 Â 10 24 m À2 at the lower one (hereafter Heavy irradiation). The irradiation temperature was about 873 K.
The irradiated specimens were handled by manipulators in a cell of the hot laboratory of the JMTR. Superplastic tensile tests were carried out in a temperature range from 1623 to 1773 K in the air. Initial strain rates were in the range from 5:0 Â 10 À4 to 1:67 Â 10 À2 s À1 . The stress and strain during the tests were measured and evaluated from the load cell and cross-head movement of the tension machine.
Results and Discussion

Visible irradiation damages
After the neutron irradiations, color of the specimens was discolored to black, suggesting that the irradiation had induced color centers due to the atomic displacement damages. After the superplastic deformations, the changed color of the irradiated specimens was returned to the original one. This indicates that the irradiation damage would be recovered to some extent due to an annealing effect during the deformation carried out at the elevated temperatures.
In general, when the damages are severe, they frequently cause swelling in ceramic materials. Clinard et al. 8) have conducted an irradiation study for 6 mol% yttria-stabilized zirconia (YSZ) by using fast neutrons (energy > 1:6 Â 10 À14 J). They reported that (1) the YSZ exhibited swelling of about 2.0% in volume fraction by neutron irradiation of 3:5 Â 10 25 m À2 at 875 K, and, (2) damage clusters and small pore-like defects (about 4 nm in diameter) were formed in the zirconia grains of which the average size was about 80 mm. In our experiment, although the fast neutrons up to the fluence of 4:3 Â 10 24 m À2 was irradiated, no significant dimensional changes of the 3Y-TZP specimens were detected. It seemed that, since the grain size of the 3Y-TZP was quite small, i.e. 0.39 mm, the irradiation-induced vacancies would be gathered to make vacancy clusters at grain boundaries during the superplastic tests that had the annealing effect, and most of them might have plate-like shapes existing along the grain boundaries.
Flow curves
Figures 2(a) and (b) show the true stress vs. true strain curves for the Light and Heavy irradiation cases, respectively. All the flow curves showed strain hardening up to the true strain of around 0.2, and strain softening appeared afterward. This tendency is clearly different from the flow curves obtained for the unirradiated specimens 9) which show no significant strain hardening during their superplastic deformations. It appears that the irradiation-induced defects played an important role for the hardening. In the following discussion, we use the true stresses measured at the true strain of 0.1 being within the stage before the strain softening appeared for the irradiated specimens.
The elongation to fracture is plotted in Fig. 3 . Results of the unirradiated 3Y-TZP specimens 9) are also plotted for comparison. It is evident that there exists a great difference in the elongation to fracture between the irradiated and unirradiated specimens, i.e. the neutron irradiation decreased considerably the elongation to fracture. As well known, the neutron irradiation fairly decreases the tensile elongation of metallic materials deformed at low temperatures due to the radiation hardening. 10) Aggregations of irradiation-induced defects have been thought to be a main cause of it. Clinard et al. 8) have shown that isolated point defects were produced in the 6 mol% YSZ sample subjected to neutron irradiation (4:4 Â 10 25 m À2 ) at 650 K, whereas aggregations of defects were observed in the sample subjected to neutron irradiation (2:5 Â 10 25 m À2 ) at 875 K. It is obvious that the aggregations were formed by defects migration at the higher temperature.
Since the grain boundary sliding is a main superplastic deformation mode of 3Y-TZP, probable causes of the decrease in elongation (see Fig. 3 ) may be the followings:
The neutron irradiation produced a number of vacancies and interstitial atoms through atomic displacement processes, and the relatively large defects including vacancy clusters would be formed at elevated temperatures where superplastic tests were done. It seems that the vacancy clusters would have weakened the grain boundary cohesion as they gathered at the grain boundaries during the superplastic deformations, and hence decreased the elongation. It has been shown that the grain boundary cohesion is a crucial factor to determine the elongation to fracture in superplastic ceramics.
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Strain rate sensitivity
Figures 4(a) and (b) show flow stresses measured at the true strain of 0.1 as a function of initial strain rate on the logarithmic scales for the Light and Heavy irradiation cases, respectively. It can be seen that in a low strain rate region ( _ " " 0 10 À3 ), the strain rate sensitivity, m, takes a value of about 0.5, while in a high strain rate region ( _ " " 0 ! 10 À3 ), it takes the values of m > 0:5. The former m-value corresponds to the theoretical strain rate sensitivity of 0.5, which predicts that grain boundary sliding related deformation mechanism has controlled the deformation. Because of the difficulty of conducting the superplastic tests for the irradiated specimens, the m-values were evaluated only from the available data now. At the present stage of our studies, no significant change in m-values caused by the neutron irradiation has been observed. For unirradiated 3Y-TZP specimens, 9) the elongation to fracture in the superplastic deformations was more than 100% with m-values of about 0.5 (see Fig. 3 ). For the irradiated specimens, however, the elongation to fracture was considerably small in spite of the fact that the m-value was about 0.5. This result implies that the neutron irradiation weakened the grain boundary cohesion and hence decreased the elongation as stated in Sec. 3.2. Further studies should be performed to clarify this phenomenon. Figure 5 shows Arrhenius plots of stress vs. reciprocal absolute temperature for the Light and Heavy irradiation cases. The apparent activation energy for the deformation was evaluated from the following equation,
Activation energy for deformation
where Q app is the apparent activation energy, the stress, T the absolute temperature and R the gas constant. The Q app values determined from a constant m-value of 0.5 and at a strain rate of 5 Â 10 À4 s À1 are 785 AE 35 kJÁmol À1 for the Light irradiation and 693 AE 26 kJÁmol À1 for Heavy one, respectively. This result implies that a maximum value of the activation energy exists at a fluence level under that of the Light irradiation.
There are many studies that have shown measured activation energies for superplastic deformations in YSZ polycrystals.
2) As for 3Y-TZP, the activation energy of the unirradiated 3Y-TZP under a constant microstructural con- 19) have suggested that relatively high activation energy for superplastic deformation is associated with the lattice diffusion of cations in space charge cloud around grain boundaries. It appears, however, that this idea, i.e. space charge cloud cannot explain the quite high Q app values obtained in the present study.
It has been shown that superplastic behaviors of 3Y-TZP are affected considerably by a small amount of cation additions and that the change in flow stress must be caused by the altered diffusivity of the accommodation process for the deformation. 7) In our irradiation experiment, different atomic species, 95 Mo, 97 Mo, 175 Lu and 181 Ta, were produced in the 3Y-TZP through the neutron absorption process, i.e. the nuclear transmutation.
3) Some of the yttrium atoms were also transmuted to 90 Zr by the absorption. 3) Although the atomic fraction of the transmuted atoms was not so much, in the order of 10 À5 at the irradiation of 4:3 Â 10 24 m À2 by rough estimation, they might affect the superplastic behaviors to some extent. It has been also shown that irradiation causes atomic segregation at sinks for defects, i.e. the radiationinduced segregation. 20) In our neutron irradiation experiment, the segregation might occur mainly toward grain boundaries in 3Y-TZP because the grain size was quite small, which might affect the superplastic behavior.
It is sure that the evaluated Q-values of the irradiated 3Y-TZP are quite higher than the reported values for the unirradiated Y-TZP, indicating that the neutron irradiation increased the activation energy for the deformation. It is probable that the irradiation-induced defects, nuclear transmutation and radiation-induced segregation would be associated with the suppression of lattice diffusions of cations, i.e. they would have changed the lattice diffusivity of the cations, and, hence, would have caused the increase in the Q-values of the 3Y-TZP.
It should be noted that results shown in this paper including activation energies were evaluated only from the available data at the present stage of our experiments. Further investigations are necessary, and are in progress in our research group.
Conclusions
The fast neutrons (energy > 1:6 Â 10 À13 J) were irradiated to superplastic 3Y-TZP specimens at the fluence levels of 2:5 Â 10 24 (Light irradiation) and 4:3 Â 10 24 (Heavy irradiation) m À2 . The irradiation caused no significant swelling in the specimens. It was found, through the superplastic tensile tests in a temperature range from 1623 to 1773 K with initial strain rates between 5:0 Â 10 À4 and 1:67 Â 10 À2 s À1 , that the elongation to fracture of the irradiated specimens was fairly decreased despite the fact that the strain rate sensitivity obtained for the deformation was around 0.5. The apparent activation energies for the superplastic flows of the irradiated specimens were quite high, i.e. 785 AE 35 and 693 AE 26 kJÁmol À1 for Light and Heavy irradiations, respectively. It is most probable that the irradiation-induced defects, nuclear transmutation and radiation-induced segregation due to the neutron irradiation would be responsible for the abovementioned changes in superplastic properties.
